Pulses as short as 100fs have been generated in standard single-mode optical fibre using a high-order soliton compression mechanism of the Raman component, synchronously excited in a ring laser geometry, pumped by a CW modelocked Nd:YAG laser at 1·32Ilm.
In 1983 Vysloukh and Serkin proposed the use of stimulated Raman scattering as a means of soliton generation. 1 The broad Raman gain bandwidth of silica-based fibres should allow the generation of sub-100fs pulses where pulse broadening due to self phase modulation is balanced by negative group velocity dispersion. As early as 1982 Lin2 had constructed a simple laser operable in this regime but had failed to identify the potential of stable soliton Raman pulse generation. Soliton pulse generation through stimulated Raman scattering in fibres has since been observed with several experimental techniques,3.4 and the potential simplicity of the system makes it an alternative source to colour centre lasers and the soliton laser5 in the near-infra-red.
In this letter we describe a synchronously pumped soliton Raman fibre ring laser, using a CW mode-locked Nd: YAG laser, operating at 1·32 Ilm, as the pump source. Typically, pulses of the order of 200 fs were routinely generated by this system.
Experiment:
The experimental arrangement of the laser system is shown in Fig. 1 . A CW mode-locked Nd: YAG laser was used as the source of fundamental pump radiation. This laser routinely produced lOOps pulses at a 100 MHz repetition rate at 1·321lm with an average power of the order of 2W (200 W· peak). The pump radiation was directed off the beam splitter BS (~100%R at l'32Ilm, <5%R at 1·4Ilm) and focused using a x 20 AR-coated (1-1'35 Ilm) microscope objective L, into the fibre F. A 300 m length of standard silica fibre was used, which was single mode at l'32Ilm, non polarisationpreserving, 7 Ilm core'diameter with a loss of < 1dB/km and a dispersion minimum wavelength around 1·32Ilm. By using 100 ps pulses, the walk-off between the fundamental and the first Stokes Raman band over 300 m of fibre is less than 25 ps. With the Raman signal being in the negative group velocity dispersion regime, temporally the Raman signal will tend to walk towards the trailing edge of the pump pulse, and hence, always being in a region of strongly excited molecular vibrations of the fibre medium, overall Raman gain and conversion efficiency will be high.
On exciting the fibre, where a pump coupling efficiency of typically 50% was achievable, the radiation was collected and co11imated with a x 20 AR-coated microscope objective and directed, using two aluminium-coated mirrors M, back into the input focusing lens via the beam splitter BS. To achieve synchronism, such that the returning Raman signal temporally overlapped the input pump radiation, the output fibre end-lens system was mounted on a translation stage with micro metre precision drive contro1. At optimum, the temporal overlap of the leakage pump radiation through BS and the reflected Raman signal could be observed on a synchronously operating streak camera.Ĩ For an average pump power of 200mW fundamental in the fibre, the single-pass spectra of the radiation was examined. This is shown' in Fig. 2a , where the secondary peaks at 1304nm and 1334nm are typical of modulation instability spectra observed in optical fibres6 and no Raman component was in evidence. With the cavity length set around match for synchronous amplification, the spectral output of the laser for 200mW average pump power was as shown in Fig. 2b . The lasing Raman band was centred around 1384nm with a bandwidth (FWHM) of~7'5nm, which assuming sech2 pulse profiles is capable of supporting 270 fs pulses. Fig. 3 shows a typical background-free autocorrelation taken for the laser operating under these conditions. A deconvolved pulse duration (assuming sech2 profiles) gave a pulse duration of 250 fs, which would indicate that the laser operation could be considered to be transform limited, within the errors of experimental measurement. By optimising the pump power and through adjustment of the cavity length minimum pulse durations of 100fs were recorded. However, the most stable operation, with maximum pulse power levels, was achieved with output pulse durations of the order of 200fs. The characterisation of the cavity length, tuning behaviour and laser parameters will be' presented later. Observation of the pump spectrum under the feedback condition (Fig. 2b) reveals that the secondary peaks around the central pump laser spectrum at 1·319Ilm close up to 1308nm and 1332nm. The reduction of the frequency or wavelength modulation, equivalent to an increase in the temporal modulation period, is consistent with a reduction in the power of the fundamental pump radiation,6 when feedback was present. Such behaviour would be expected since, under the conditions of high Raman conversion, at cavity match, depletion of the fundamental pump radiation would occur.
Although the mirror coatings M were nominally 100%, there was a slight leakage (< 3%) of the laser radiation. This enabled the variation of the soliton Raman power to be examined with pump power, after spectral filtration of any leakage fundamental radiation.
The laser threshold was around 50mW. At 400mW pump power the output power was 7 mW; however, the pump power could not be increased above this level, as single-pass soliton Raman pulse formation occurred in the fibre, which effected laser operation. It should be possible through optimisation of the output reflector to achieve substantially higher average output powers and to operate with reduced fibre lengths to minimise the single-pass soliton Raman pulse formation.
Although the pulses routinely generated were of the order of 200 fs, the nonsoliton part of the pulse, manifesting itself as a low-level pedestal on the autocorrelation function extending for approximately 70 ps, accounted in some cases for up to 16% of the autocorrelation signal level. This would indicate that at minimum only about 15% of the average power was in the femtosecond soliton part of the pulse. By optimising the laser operation, this could be improved such that the soli ton part of the pulse could carry up to 25% of the average power.
Conclusion: Using the lOOps pulses from a CW mode-locked Nd: YAG to synchronously pump a standard, silica, singlemode fibre in a simple ring cavity arrangement, we have generated highly stable soliton-Raman pulses of 200fs, with output powers, in our case, of~10mW, corresponding tõ 100 W peak power in the soliton part of the pulse. Through optimisation of the cavity components, higher power levels and shorter pulse durations should be possible, although much higher output pulse specifications should be possible in single fibre spans without the need for feedback.
